Abstract: The majority of traffic delays in urban areas occur at signalized intersections. Due to the limited availability of space and right-of-way, many transportation agencies are considering unconventional traffic control systems for intersections to improve signal efficiency and reduce overall delays. Common unconventional left-turn treatments include the right-turn followed by a U-turn (RTUT) and a U-turn followed by a right-turn (UTRT). The main goal of this study is to determine the traffic operational performance of the three left-turn treatments under different traffic conditions. The results showed that unconventional left-turn control types have less delay and travel time compared to the direct left-turn (DLT), when the U-turn locations are 200 meters away from the main intersection. Also, RTUT showed superior performance over the other left-turn control types, when the U-turn locations are 100 meters away from the main intersection.
Introduction
In most urban areas, traffic growth means higher delays at signalized intersections. As a solution to reduce traffic delays, oftentimes agencies add more lanes to reduce the delay.
However, such solutions are not always feasible for many intersections due to the limited right-of-way. Using unconventional left-turn control types is one of the possible solutions to reduce the overall delay and improve signal efficiency with minimal changes to the existing geometric design. The main purpose of unconventional left-turn treatments is eliminate direct left-turns (DLTs) and to reroute left-turning vehicles away from the main intersection.
There are many alternatives to eliminate direct left-turns at signalized intersections.
The signalized intersection will be controlled by a two-phase traffic signal, after eliminating DLTs. A right-turn followed by a U-turn (RTUT), and a U-turn followed by a right-turn (UTRT) are possible left-turn treatments. For the RTUT control type, vehicles desiring to turn left must first turn right at the main intersection through a signalized right-turn lane. After that, vehicles must make a U-turn at a signalized median opening downstream of the intersection, and then travel through the main intersection, as illustrated in Figure 1a . For the UTRT control type, vehicles desiring the turn left must first travel through the signalized intersection. After that, vehicles must make a U-turn at a signalized median opening, and then make a right-turn at D r a f t 4
Literature review
Several research efforts (Gluck et al. 1999; Zhou et al. 2000; Zhou et al. 2001; Gue et al. 2011a; Gue et al. 2011b) have considered the operational impact of replacing direct left-turns with U-turns. Levinson et al. (2000) provided an overview of the indirect left-turn control type that has been implemented in Oakland County, Michigan (Michigan "U"). Their study discussed the design features of this new concept, and also compared the capacity and level of service of the Michigan "U" with the conventional left-turn control type. Finally, the paper discussed operational and safety effects of the Michigan "U" control type.
Many transportation agencies have started using unconventional left-turn treatments as alternatives to direct left-turns from driveways. For instance, the Florida Department of Transportation (FDOT) prohibits direct left-turn (DLT) from driveways in many locations. As a result, drivers desiring to turn left have to make RTUT at a downstream U-turn location rather than making a direct left-turn onto a major-street from driveways. At un-signalized intersections, the main purpose of using a right-turn followed by a U-turn is to reduce conflict points associated with the direct left-turns (Zhou et al. 2002) . Recently, Al-Omari and Al-Akhras (2014) developed some delay models for median U-turns (MUT) on multilane highways. The models were based on collected data from Jordan. The delay models were developed for MUT considering different levels of turning and conflicting traffic volumes. D r a f t 5 increasing the capacity of the intersection and improving the level of service. In some cases, traffic signals at the U-turn locations are slightly delayed based on the separation distance between the intersection and the U-turn locations. Cycle length varies between 60 and 120 seconds in most cases studied (Bared and Zhang 2007) . Another study found that prohibiting direct left-turns at signalized intersections and providing two-phase signal controls improved the intersection capacity by about 20 to 50 percent (Maki 1996) . In a more recent study, (Zhou and Zhang 2014) considered an intersection where indirect left-turns are considered on two of the intersection approaches. They developed a mixed linear program to optimize of the main traffic signal and the two signals at the U-turn locatons that can improve the efficicency of the intersction.
Gyawali (2014); Gyawali et al. (2015a Gyawali et al. ( , 2015b developed some decision support curves to determine the need for an indirect left-turn at a signalized intersection. The analysis considered intersections with one major road and one minor road. It also sonsidered left turn percentages of 5% to 15% on the major road with small traffic volumes on the minor road. The three studies concluded that the indirect left-turn showed better performance than direct left-turns in all scenarios. In addition, Lin et al. (2015) developed delay models for direct left turn and one indirect left turn (right turn followed by U-turn). They concluded the the left turn volume has to reach some threshold in order for the indirect left turn to outperform the direct left turn. However, this study considered the intersection delay rather than the overall travel time.
Several studies investigated the operational effects of unconventional left-turn treatments using simulation packages such as Synchro, SimTraffic, and CORSIM. The primary goal of using simulation techniques is to help researchers recognize the impact of changing different parameters within the study. Also, using such analytical tools can help in simulating as many scenarios as needed to reach precise conclusions. Using simulation packages are very useful and efficient for any parametric study.
Another study evaluated the operational performances of DLTs and RTUTs from driveways, under different traffic conditions. Delay and travel time were considered in order to evaluate each alternative, and CORSIM software was used as the analytical tool. The simulation results showed that a DLT has better performance at low through-traffic volume on a main street. However, the RTUT control type shows less delay and travel time under moderate to high volumes on main streets. The study can be used as a guidance to determine which left-turn control type is more effective under the given traffic conditions (Yang and Zhou 2004) . Reid and Hummer (1999) investigated the operational performance of using median U-turns as alternatives to two-way left-turn lanes (TWLTLs). The U-turns were provided on the major arterial only, and all major driveways and unsignalized side streets intersecting with the corridor were considered in the study. Based on the results, median U-turns showed a 25 percent increase in the average speed, and a 17 percent decrease in the total travel time as compared to TWLTLs. However, median U-turns showed a higher number of stops compared to TWLTLs.
A study used CORSIM software to evaluate the impact of using signalized U-turns on typical 4-leg intersections formed by two 4-lane roads intersecting with each other. The U-turns were provided only on both sides of the major road, and left-turning vehicles from the minor road were allowed to turn at the main intersection. The study considered a three-phase signal operation with a direct left-turn movement from the cross-street. The results indicated that a significant reduction in travel time could be achieved for the signalized U-turn design at high traffic volumes (Bared and Kaisar 2002) . Dorothy et al. (1997) Another study considered unconventional left-turn control types at signalized intersections, where a major road and a minor crossroad intersected with each other, and direct left-turns were prohibited at the intersection. For most of the volume combinations, the U-turns located on the crossroad reduced the total travel time, delay, and the number of stops in comparison to the U-turns on the major road (Topp and Hummer 2005) .
CORSIM software was used in a study to compare the direct left-turn (DLT) with two forms of unconventional left-turn control types including a right-turn followed by a U-turn (RTUT), and a U-turn followed by a right-turn (UTRT). The study considered an intersection of a major road with a minor road. Total travel time, speed average, and speed variance were used as the measures of effectiveness (MOE) in evaluating the operational performance of the three left-turn control types. Based on the simulation results, unconventional left-turn control types were more effective than direct left-turns (Lu et al. 2012) .
Another study examined the impacts of using U-turns on level of service of signalized intersections, and Synchro and SimTraffic were used as the analytical tools. The results of the regression model showed that the impact of U-turns on the level of service of signalized intersections needs to be evaluated on a case-by-case basis (Changjiang et al. 2009 ).
Safety Performance
To improve the performance of unconventional left-turn control types, the location of the U-turns has to be selected wisely. In fact, large separation distance may discourage drivers from making indirect left-turns because they will experience longer travel time due to the additional distance travelled. On the other hand, short separation distances will cause safety problems at the weaving sections of the road, and vehicles making RTUTs will not have D r a f t 8 sufficient distance to complete the lane change maneuver in a comfortable way (Ronglong et al. 2010 ).
Various research efforts (Xu 2001; Kach 1992; Potts et al. 2004; Lu et al. 2004; Lu et al. 2005; have evaluated the safety effects of using U-turns as alternatives to direct left turns. The results indicated that using U-turns reduced the number of conflict points and crashes compared to direct left-turns. The number of merge/diverge conflict points is reduced from 16 points to 12 points, when using median U-turns, as compared to a four-leg signalized intersection. Moreover, all crossing (left-turn) conflict points were eliminated in the case of median U-turns. Unconventional left-turn movements generate fewer conflicts compared to direct left-turn movements. Also, vehicles making RTUTs at a median opening generate fewer conflicts than those making RTUTs at a signalized intersection.
In another study, seventy eight sites were selected to investigate the safety performance of U-turns at signalized intersections. During the 3-year study period, 65 of the 78 sites did not have any collisions involving U-turns. For the remaining sites, U-turn collisions ranged from 0.33 to 3.0 collisions per year (Carter et al. 2005 ).
Based on the literature review conducted, unconventional left-turn treatments may reduce delays, travel time, and conflicts as compared to the direct left-turn control type at driveways and signalized intersections. Also, reducing the number of phases improves the capacity and the level of service of the intersection.
As it is noticed from the previous studies, there are solid evidences that using U-turn treatments as alternatives to direct left-turns from driveways reduces the delay and the travel time under moderate and high traffic volume conditions. This study investigates if the same advantages could be achieved by eliminating DLTs at signalized intersections instead of D r a f t 9 driveways. In addition, some studies considered providing U-turns at signalized intersections either on the major road or on the minor road. However, this study investigates the operational effects of using U-turns on both arterials. Furthermore, the traffic volume was assumed to be dominant on the major road in the previous studies. However, in this study, traffic volume is distributed to cover more cases (i.e. equally distributed on all approaches, dominant on two opposite approaches, and dominant on two perpendicular approaches). Some of the previous studies considered the impact of left-turning percentages, ranging from 10 to 25 percent, on the intersection's performance. However, in this study the left-turning flow is ranging from 15 percent to 45 percent.
Methodology
This study considers an intersection of two major roads that may serve comparable traffic volumes. In this study, the analysis was performed to demonstrate the impact of using a combination of right-turns and U-turns, as alternatives to direct left-turns, on the intersection's performance. Also, to determine the most efficient left-turn control type for each scenario based on the prevailing traffic conditions. Finally, to recommend the optimal U-turn locations for unconventional left-turn control types, for all of the considered scenarios.
Certain procedures were followed to investigate the operational effects of using unconventional left-turn control types as alternatives to direct left-turns at signalized intersections. Three microsimulation models were developed, using Vissim, to investigate three left-turn control types: direct left-turns (DLT), right-turns followed by U-turns (RTUT), and U-turns followed by right-turns (UTRT). Many scenarios were considered through the variation of some traffic parameters to examine each left-turn control type. For the analysis, Synchro software was used to determine the optimized signal timing and the delay at the signalized intersection for each scenario. The optimized signal timings were then applied within Vissim software to evaluate the overall performance of each intersection. For the right-turn followed by a U-turn control type, drivers desiring to turn left must first turn right at the main intersection through a signalized right-turn lane. After that, drivers must make a U-turn at a signalized median opening downstream of the intersection. For vehicles that are originally turning right on the intersection, the free right-turn canalizations are separated from the other lanes to allow right-turning vehicles to move without stopping at the signal. The separation is extended beyond the location of the U-turn to prevent right-turners from taking the U-turn at the median opening.
For U-turns followed by right-turns control type, drivers desiring to turn left must first pass through the signalized intersection, make a U-turn at the signalized median opening, and then make a right-turn at the main intersection. In this control type, the right-turn channelization is shared between vehicles desiring to turn right and vehicles coming from the U-turn (desiring to perform indirect left-turns).
The phasing diagram consists of four phases for DLT control type. Split signal phasing was used for this left-turn control type, which gives the green time for all vehicle movements of one direction followed by a phase for all vehicle movements of the opposite direction. The phase diagrams for unconventional left-turn control types consist of only two phases, as shown in Figure 3 .
Considered Parameters
As shown in the experimental design, presented in Figure 4 , different parameters were considered in the analysis including the total volume on the intersection, the left-turn control type, the traffic volume distribution on each approach, the percentage of vehicles for each turning movement, and the location of the U-turns. The values for the total traffic volume on D r a f t the intersection were selected to represent low, moderate, high, and very high traffic volumes.
It should be noted that Figure 4 illustrates the experimental design for one traffic volume only.
The same parameters apply for the other traffic volumes as well. The analysis included 420 scenarios, which is a reasonable number to reach precise conclusions.
Three left-turn control types were considered in the analysis, and English alphabets were used to identify each case. Case (a) represents DLT control type, whereas cases (b) and Because calculating delay for unconventional left-turn control types using Synchro is misrepresentative, more detailed analysis was performed using Vissim software. A model for each left-turn control type was created using Vissim to evaluate the overall delay for different scenarios. All scenarios presented in the experimental design were simulated using Vissim, and network performance was obtained for each scenario.
To achieve robust results, five runs were performed and the trimmed mean was calculated by excluding the largest and the smallest values from the results, and calculating the arithmetic mean of the remaining three values. The trimmed average was used in this study to reduce the effects of random variations on the calculated mean. Table 2 presents delay comparisons for the three left-turn control types, where the U-turn locations are 100 meters away from the main intersection. Also, the left-turn movements for northbound and southbound approaches are equal to 15%, 30%, and 45%.
Delay comparison.
As illustrated, the delay for unconventional left-turn control types is less compared to a DLT when traffic volume is equally distributed on all approaches or dominant on two opposite approaches (i.e. cases 100.I.1, 100.I.2, and 100.I.3) over the considered range of traffic volumes. When the traffic volume is dominant on two perpendicular approaches (i.e. cases 100.I.4 and 100.I.5), the delay for the UTRT increases significantly as the traffic volume exceeds 6,000 vph. This can be attributed to the queue spillback effect when moving the U-turn locations closer to the intersection. Furthermore, the delay for the unconventional left-turn control types is comparable at low traffic volumes since there are no long queues at the signalized U-turn locations. For case 100.I, it seems that a right-turn followed by a U-turn has superior performance compared to the other left-turn control type over the considered range of traffic volumes. Table 3 presents delay comparisons for the three left-turn control types, where the U-turn locations are 50 meters away from the main intersection. Also, the left-turn movements for northbound and southbound approaches are equal to 15%, 30%, and 45%.
As illustrated, unconventional left-turn control types have comparable delay at traffic volumes less than 5,000 vph. At high traffic volumes, the delay for UTRTs reach to extremely high values compared to the other control types. Also, intersection delay for the RTUT control type increases at a higher rate when traffic volumes exceed 6,000 vph. In fact, moving the U-turns closer to the intersection causes safety problems at the weaving sections of the road for unconventional left-turn control types. Also, vehicles making RTUTs will not have sufficient distance to complete the lane change maneuver in a comfortable way; therefore, the intersection will be blocked as a result of the spillback effect. For case 50.I, the direct left-turn D r a f t 14 has superior performance compared to the unconventional left-turn control types at high traffic volumes.
Travel time comparison
The values for the average travel time were compared among the three left-turn control types for all of the considered scenarios. It should be noted that the travel time curves follow the same trend as the delay curves for the same reasons mentioned earlier in the delay comparison.
Vehicle kilometers travelled comparison
A comparison based on the vehicle kilometers travelled (VKT) was made among the three left-turn control types for each case. VKT is the total distance in kilometers travelled by all vehicles during a given period of time on a particular road system. 
Level of service comparison
Level of Service (LOS) comparison was made to evaluate capacity and operating conditions for the three left-turn control types. Level of service is a function of the average control delay. There are many factors affecting the average control delay such as signal phasing, signal cycle length, and volume to capacity ratio at the signalized intersection (Highway Capacity Manual 2000) . D r a f t Table 4Table 4 summarizes the level of service for the three left-turn control types for all of the considered U-turn locations. As illustrated, similar cases were combined together when there was no significant difference on the level of service (i.e. only one letter difference).
Combining similar cases helps to visualize the impact of each parameter on the left-turn control types.
Impact of U-turn location
The impact of a U-turn locations on the operational performance of unconventional left-turn control types was investigated under different traffic conditions. Three different U-turn locations were investigated at 200 meters, 100 meters, and 50 meters. Figure 7 illustrates the impact of changing the location of the U-turns for the RTUT control type. 
